A series of novel phosphate-tungstate phosphors, K 2 Gd (1Àx) (PO 4 
Introduction
During the past few decades, solid state white light-emitting diodes (w-LEDs) have been drawing worldwide attention as next generation lighting devices due to their extraordinary advantages, such as high electro-optical conversion efficiency, high brightness, low power consumption and environmental benets. [1] [2] [3] [4] [5] Up until now, the most common strategy of w-LEDs is the combination of a blue InGaN chip (450-470 nm) and yellow emitting Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce 3+ ) phosphor. 6 However, this strategy couldn't meet the general illumination requirements long-term due to the low color rendering index (CRI) and the high correlated color temperature (CCT), which restrict its further application. 4 This problem may be solved by the combination of a near-UV LED chip with tri-color (red, green and blue) phosphors. 7, 8 Nevertheless, in this tri-color phosphor system, the luminescence efficiency is relatively low since the blue emission is strongly reabsorbed by the green and red phosphors. 9 Besides, the device of multiple emitting components in this system is very complicated and expensive, and it is also difficult to control the color balance. Compared with these methods, doping a single rare earth ion into an appropriate host is still the simplest and most straightforward method to obtain white light.
As we know, among rare earth ions, trivalent dysprosium (Dy 3+ ) ion, which has a 4f 9 electron conguration, can achieve most easily white light emission since the emission properties usually consist of three characteristic emission bands: one in the blue region ($480 nm), one in the yellow region ($580 nm), and last one in the red region ($650 nm), originating from 4 we have manufactured some novel and promising Dy 3+ -activated single phase white-emitting phosphors matched with near-UV chips possessing potential application prospects in display and lighting.
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To date, a novel phosphate-tungstate family compound, M 2 Ln(PO 4 )(WO 4 ) (M ¼ Na, K; Ln ¼ Y, Gd, Lu), has been used as host materials due to its easy synthesis, low sintering temperature, good thermal stability and high quenching concentration. 14 To the best of our knowledge, the studies on the luminescent properties of Dy 3+ -activated K 2 Gd(PO 4 )(WO 4 ) phosphor are sparse. 1, 14 In this work, the structural, detailed luminescent properties, and thermal stabilities were applied to characterize the obtained phosphors. The emission color were located in the warm white-emitting region under near-UV excitation. In addition, compared with some other inorganic materials, the obtained phosphors exhibit a more excellent thermal stability. It is noteworthy that co-doped phosphor system severely affected by part of the energy loss due to the role of energy transfer, which is common in co-doped system. However, single-doped phosphor system can suppress the above situation, meanwhile it may have potential use in w-LEDs or some other areas.
Experimental

Materials and synthesis
The powder samples of the phosphate-tungstate K 2 Gd (1Àx) ( (99.99%) were used as received and weighed following the stoichiometric ratio. Firstly, the mixture were ground together about 30 min in an agate mortar. Secondly, the mixture based precursors were slowly pre-sintered at 500 C (in air) and kept this temperature for 3 h to remove the chemically combined water and ammonium gas, as well as decompose the carbonate. Aer that, the samples were re-sintered at 950 C (in air) for 3 h.
At last, the obtained samples were ground well into powder for further characterization. The Dy 3+ -activated K 2 Gd(PO 4 )(WO 4 ) phosphor was supplied by the display and Lighting Phosphor Bank at Pukyong National University.
Material characterization
The phase purity was carefully veried by using powder X-ray diffraction (XRD) measurement collected on a D8 Advanced diffractometer operated at 40 kV, 30 mA with Ni-ltered Cu-Ka irradiation (l ¼ 1.5406Å for Rietveld analysis was collected with a PANalytical X'Pert 3 Powder instrument, the step size of 2q was 0.013 over the angular range 10 # 2q # 80 .
Crystal structure renement employed the Rietveld method as implemented in the General Structure Analysis System (GSAS) soware suite. 15 Transmission electron microscopy observations (TEM) were performed on JEM-2010 electron microscope with an accelerating voltage of 200 kV. The diffuse reectance spectra (DRS) were recorded on a V-670 UV-vis spectrophotometer (JASCO Corp., Japan) ranging from 200 to 700 nm. The Fourier transform infrared spectroscopy (FT-IR) spectra were collected on a FT-IR spectrophotometer (FT/IR-4000, JASCO, Japan) over a frequency range 650-4000 cm À1 . The Raman spectrometry measurements were carried out with a 532 nm laser JASCO NRS-5100 instrument. The photoluminescence excitation (PLE) and emission (PL) spectra were measured by using a Photon Technology International (PTI, USA) uorimeter equipped with a 60 W xenon lamp excitation source. The uo-rescence lifetime curves were measured with a phosphorimeter attached to the uorescence spectrophotometer with a 25 W xenon ash lamp. The PL quantum efficiency (QE) was measured by using a spectrouorometer (JASCO, FP-8500, Japan) equipped with an integrating sphere attachment (ISF-834). The color coordinates in Commission Internationale de l'Eclairage (CIE) 1931 chromaticity diagram were calculated from emission spectra by the color calculator soware. The temperature-dependent luminescence properties were measured on a uorescence spectrophotometer (SCINCO FS-2) with a heating apparatus (NOVA ST540). The initial structural model for the renement was established by the standard crystallographic data of K 2 Ho(PO 4 )(WO 4 ) (ICSD#206654) compound which has an orthorhombic structure with space group Iabc. 16 All the atom positions, fraction factors, thermal vibrational parameters, and background were converged and rened. The crystallographic data is presented in Table 1 and the rened atomic coordinate parameters are presented in Table 2 . It can be observed that the nal rened R factors converged to R wp ¼ 9.38%, R P ¼ 6.35%, indicating that the solid solution KGPW:0.005Dy 3+ shares the same structure with K 2 Ho(PO 4 )(WO 4 ). In addition, the lattice parameters converged to a ¼ 6.8794 (2) the results from PLE spectrum as shown in Fig. 5(a) 21 The energy levels of Dy 3+ -activated KGPW sample is presented in Fig. 6(a) . All observed peaks of the sample could be found. It is noteworthy that those Fig. 5(b) . We can see that the emission intensity of Dy 3+ rises rst as gradual increase Dy 3+ doping concentration until the maximum value x at 0.03 and then drops with the similar prole. Fig. 7 shows the optimum concentration for Dy 3+ -activated KGPW samples is 0.03 mol. This low concentration quenching phenomenon is not consistent with the previously reported by Wen et al. 1 As far as we know, the possible reason for the low concentration quenching phenomenon in the obtained phosphors is the cross-relaxation mechanism between neighboring Dy 3+ ions. As shown in Fig. 3(b) and Table   1 , the Ln-Ln distance along the b-axis is close enough to 4.033 A. Considering the energy match rule, Fig. 6 The concentration quenching start an effective role when exceed this optimum concentration causing decreased luminous intensity. In general, the non-radiative energy transfer among Dy 3+ ions causing the concentration quenching is dominant, following three types of mechanisms: radiation reabsorption, exchange interaction, or a multipolar-multipole interaction. 24 In order to identify the mechanism of energy transfer, the critical distance (R C ) between the activated ions for energy transfer can be evaluated according to the equation given by Blasse:
Results and discussion
where N is the number of available sites of Dy 3+ occupying per unit cell, x i is the critical concentration of Dy 3+ , and V is the volume per unit cell. For KGPW phosphor, N ¼ 8, V ¼ 1646.442 A 3 , x ¼ 0.03, then the R Dy is calculated to be 23.57Å. Clearly stated, the value of R C is signicantly larger than 5Å, indicating that multipolar-multipolar interaction type is dominated for the non-radiative energy transfer among Dy 3+ ions. The representative PL decay curves of the Dy 3+ ions were measured with 388 nm excitation by monitoring the emission at 573 nm as shown in Fig. 7 . There is a fast decay signal at the initial time in all samples. This signal may be coming from the instrumental response. By tting the above decay curves, the decay curves in low Dy 3+ concentration (0.005 to 0.01, 0.02 mol)
are tted successfully on the single-exponential equation:
where I t and I 0 are the PL intensities at time t and 0, s is the decay time. However, the decay curves are non-exponential in KGPW:xDy 3+ (x ¼ 0.05 and 0.07) samples. Moreover, their nonexponential increase as the Dy 3+ concentration increases. The nonexponentiality of the decay curves indicates that the probability of energy transfer among Dy 3+ ions increases with increasing Dy 3+ concentration. 26 In order to investigate the mechanisms of Dy-Dy interaction, the evolution of the concentration of the emission decays was analyzed. Assuming that the interaction scheme is a multipolar type, Inokuti-Hirayama's formula is given by:
where s is the intrinsic lifetime of a single ion, G ( (T cct : the temperature at which a radiating black body produces the same color) values located at 5367-5574 K, which are close to that of sunlight at noon. According to the NTSC and European Broadcasting Union (EBU) standards, the color purity of phosphor is an essential technological factor for LEDs display application since it has a major impact on the color rendering index and the light output. The color purity can be estimated by the following expression:
where (x, y) is the color coordinate of the sample (x ¼ 0. Table 3 .
Thermal properties analysis
In general, phosphors suffer a decrease of emission intensity in the process of phosphors' application with temperature increasing. Therefore, the thermal stability of photoluminescence is of great signicance for phosphor as it greatly affects not only the color rendering index but also the light output of w-LEDs. The temperature-dependent luminescence properties of KGPW:0.05Dy 3+ phosphor excited at 273 and 388 nm were tracked with temperature increasing from 303 to 463 K as shown in Fig. 10(a and b) . One can see that the emission intensities of KGPW:0.05Dy 3+ sample decrease progressively with temperature increasing. Moreover, as the temperature increases to 423 K (150 C), the emission intensities of KGPW:0.05Dy 3+ phosphor under 273 nm and 388 nm excitation are 25.3% and 76.8% of their initial intensities at room temperature, respectively, as shown in the inset of Fig. 10(a and b) . It is notable that the obtained phosphors have excellent thermal stability with 388 nm excitation, which is an essential condition for practical application.
To further understand the temperature-dependent photoluminescence properties, the activation energy of thermal quenching can be calculated from the Arrhenius equation: in which I 0 is the initial emission intensity at room temperature and I is the emission intensity at testing temperature T (K), E a is the activation energy for the thermal quenching, k is the Boltzmann constant (8.62 Â 10 À5 eV K À1 ) and A is a constant for a certain host. The eqn (6) can be rearranged as follows: 3+ phosphor under 388 nm excitation. Through a best-t using eqn (7), the activation energy E a for thermal quenching were deduced to be 0.2058 eV for 388 nm excitation. The congurational coordinate diagram of the ground and excited states of Gd 3+ and Dy
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I ¼ I 0 1 þ Ae ÀEa=kT(6)ln I 0 I À 1 ¼ ln A À E a kT(7)
